Introduction
The transition metal catalyzed cross coupling reaction of organohalogen compounds with organometallic reagents has been intensively studied by many research groups and over the past four decades has grown into a powerful approach to carbon carbon bond formation in organic synthesis. 1 In particular, this catalytic reaction is valuable in connecting two molecules through a C(sp 2 ) C(sp 2 ) bond, a linkage dif cult to form through classic nucleophilic substitutions. In the cross coupling, various metal and metalloid elements can function as the metal leaving group in the nucleophilic substrate, while for the electrophilic substrate, either a bromo or iodo leaving group is commonly chosen in application to the synthesis of complex molecules. Aryl chlorides 2, 3 or sulfonates 4 are also often employed as the coupling partners of the organometallic compounds. Furthermore, it is known that coupling can occur with a phosphate, 5 alkoxy, 6 thio, 7 siloxy, 8 diazonium, 9 ammonium, 10 sulfonium, 11 chlorosulfonyl, 12 triazene, 13 azole, 14 or phosphonium group 15 as the electrophilic partner in the presence of either nickel or palladium catalyst. However, the successful use of acyloxy and related functionalities as the leaving group had been limited to the reaction of allylic electrophiles, 16 because nucleophiles commonly react with the ester groups at the carbonyl carbon in preference to the alkoxy carbon (Figure 1 ). 17 As a matter of fact, Yamamoto 18 and Chatani 19 have reported that the palladium catalyzed reaction of aryl carboxylates with arylboronic acids proceeded through an acylpalladium(II) intermediate to form ketonic products.
Carboxylate, and especially acetate, can be considered an ideal leaving group for the electrophile from the standpoint of utility and environmental friendliness. Carboxylate compounds are often purchasable or readily prepared by the esteri cation of alcohols with acyl halide in general, or in the particular case of acetate substrates, with acetic anhydride under halogen free conditions. Carboxylate substrates are easier to handle in air than the corresponding sulfonates or phosphates because of their low reactivity. This low reactivity also leads to the lower toxicity of the carboxylate as compared to halide or sulfonate substrates. Moreover, the cross coupling reaction with carboxylate leaving group will release a carboxylate salt as the sole stoichiometric by product, which is biologically degradable in the environment.
Recently, cross coupling reactions of aryl carboxylates have been reported by some research groups, including ours. 20 In most reports, PCy 3 nickel complex was chosen as catalyst for ef cient cleavage of the aryl C O bond. Independently of these developments of the nickel chemistry, we recently developed the Suzuki Miyaura reactions of benzylic esters 21 or vinyl acetates with a palladium or rhodium catalyst. This paper is an overview of our recent studies on cross coupling and related reactions involving the carboxylate leaving group.
Palladium Catalyzed Nucleophilic Substitution of Benzyl Carbonates or Acetates
Low valence transition metal complexes are known to cleave the allylic C O bond of allylic carboxylates in preference to the acyl C O bond (Scheme 1). 22 The C C double bond of the allylic substrate coordinates to the low valence metal atom. 23 This leads to the selective cleavage and the formation of (π allyl)metal complex A, which is in general electrophilic. The intermediate A undergoes the attack of various 
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The structure of the benzyl group is closely related to that of the allyl, as both contain an sp 3 hybridized carbon attached to an unsaturated bond. Therefore, as with allylic compounds, benzylic carboxylates and related compounds had been expected to react with nucleophiles through a (π benzyl)palladium intermediate. 27 In 1992, Legros and Fiaud had reported that 1 and 2 naphthylmethyl acetates could be reacted with stabilized carbanions by using DPPE Pd(dba) 2 (dba dibenzalacetone) catalyst (eq. 1). 28 However, the DPPE palladium catalyst failed to promote the benzylic substitution of simple benzyl acetates. In this context, we started to look for an effective catalyst for the nucleophilic substitution of benzylic carbonates or acetates. 21 We evaluated various combinations of palladium catalyst precursors and ligands for the reaction of benzyl methyl carbonates (1a) with dimethyl malonate (2a) ( Table 1 ). Our results showed that the desired benzylic substitution proceeded in high yield when the palladium catalyst was generated in situ from [Pd(π C 3 H 5 )(cod)]BF 4 (cod 1,5 cyclooctadiene) and bisphosphine ligand, DPPF. 29 The choice of ligand is crucial for the production of the benzylation products 3a and 4. The benzyl ester 1a remained almost unchanged in the presence of a palladium complex bearing triphenylphosphine or DPPE ligands. Increasing the ligand bite angle enhanced the catalytic activity of the palladium complex. The combined yield of 3a and 4 reached a maximum when DPPF was used as the ligand. DPEphos and Xantphos, which form a chelate complex with a larger P Pd P angle, are less effective for the benzylic substitution than DPPF. However, DPEphos gives better results than DPPF in the reaction with hetero nucleophiles such as amines and phenols, as described hereinafter.
The palladium catalyzed substitution of benzylic carbonates with stabilized carbanions can be conducted with no addition of base. 30 Under such base free conditions, Pd(π allyl)Cp is employed as the catalyst precursor. In the substitutions of naphthylmethyl substrates with phenylmalonate 2b, DPPF Pd(π allyl)Cp catalyst produced the desired products in high yields without base (eq. 2). However, the base free conditions were useless for the substitution of p methoxybenzyl ester 1b with 2b. This reaction required the addition of 1,5 cyclooctadiene for ef cient production of 3b (eq. 3). The cyclic diene may work as a labile ligand to stabilize the palladium(0) resting state in the catalytic cycle. A broad range of active methine compounds, including α heterosubstituted malonates, 1,3 diketones, and azlactones, can be alkylated with benzylic carbonates thorough palladium catalysis.
As with stabilized carbanions, various hetero nucleophiles undergo the palladium catalyzed alkylation with benzylic carbonates. In the benzylic amination of 1a with dibutylamine, DPPF palladium catalyst failed to produce the desired tertiary amine in good yield. The low yield was improved remarkably by using DPEphos in place of DPPF (eq. 4). 29 Furthermore, DPEphos palladium catalyst is useful for the benzylation of sul nate salts 31 and phenols, 32 giving respectively the benzyl sulfones and aryl benzyl ethers 5 in high yields (eqs. 5 and 6). Compound 5 can be obtained with higher ef ciency from the decarboxylative etheri cation of aryl benzyl carbonates 6 (eq. 7). 32 In the latter transformation, oxidative addition of 6 to palladium(0) and subsequent decarboxylation from the leaving group afford (π benzyl)palladium B and nucleophilic phenoxide (Scheme 2). The phenoxide attacks the electrophilic π Table 1 . Effect of ligand on palladium catalyzed substitution of 1a with 2a.
benzyl ligand on palladium, forming aryl benzyl ether 5.
Concerning the scope of benzylic esters that can be utilized, the DPPF and DPEphos palladium catalysts allow both electron rich and electron de cient substrates to react with nucleophiles in high yields. As shown in Scheme 3, three competitive experiments indicate that both electron donating and electron withdrawing substituents on the aryl rings bring about an increase in the reaction rate. 29 Treatment of α alkyl benzyl carbonates with a palladium catalyst resulted in the exclusive formation of alkenes through the β hydride elimination from the (benzyl)palladium intermediate. However, diphenylmethyl carbonate 7, which has no β hydrogen, reacted with 2a to give alkylated product 8 (eq. 8). 33 To obtain 8 in high yield, CyXantphos was used in place of DPPF or DPEphos.
Acetate as well as carbonate can be used as the leaving group in the benzylic substrates in this palladium catalyzed substitution. 34 Although the nucleophilic substitution of benzyl acetates is sluggish in aprotic solvent, use of an alcoholic solvent allows acetates to react with nucleophiles. Active methine compound 2b was alkylated with benzyl acetate 9a in high yield when the reaction was conducted in tertiary alcohol to avoid solvolysis of the acetate (eq. 9). The amination and sulfonylation of benzylic acetate proceeded with suf cient reaction rate in anhydrous EtOH and 75% EtOH water, respectively.
Palladium Catalyzed Cross Coupling of Benzyl Carbonates or Acetates with Organometallic Compounds
As described above, the benzylic C O bond of benzyl carbonates or acetates was shown to be activated by some bisphosphine palladium(0) complexes having an appropriate P Pd P angle. Meanwhile, allylic acetates are often employed as a coupling partner for organometallic compounds. 16 Consequently, benzylic esters had been expected to couple with organometallic reagents through palladium catalysis.
Indeed, as we had expected, the cross coupling reaction of benzyl methyl carbonate (1a) with phenylboronic acid (10a) proceeded in high yield using a bisphosphine ligated palladium catalyst. 35 However, the [Pd(π allyl)(cod)]BF 4 DPPF catalyst, which is effective for benzylic substitution with stabilized carbanions, failed to promote the reaction (Table 2) , and it was on use of [Pd(π allyl)Cl] 2 DPPPent catalyst that the cross coupling reaction successfully afforded diphenylmethane (11a) in high yield. The Suzuki Miyaura reaction with the DPPPent palladium catalyst is compatible with various functional groups (Table 3) . Electron donating and electron withdrawing groups on the benzylic and arylboron substrates did not cause signi cant decrease in the yield of the cross coupling product. The reaction is applicable to the preparation of diarylmethanes bearing a reactive functional group, such as nitro, aldehyde, hydroxyl, and Boc protected amine. Nitrogen Scheme 3. Competitive experiment in palladium catalyzed benzylic substitution. or oxygen containing heteroarylboronic acids also couple with benzylic carbonates to give α heteroaryl substituted toluenes in high yields. 36 Allylarene 13 can be prepared by the benzylic Suzuki Miyaura reaction of alkenylboronic acid 12 (eq. 10). 35 The stereochemistry of 12 was completely retained. No migration of the double bond in 13 was observed under the reaction conditions.
DPPPent palladium catalyst allows organotin compounds to work as the coupling partner of benzylic carbonates. 37 The Kosugi Migita Stille reaction of benzylic carbonates yielded diarylmethanes without use of base additive unlike the aforementioned reaction with organoborons. In the reaction of p chlorobenzyl ester 1d with phenyltin 14, diarylmethane 11b was formed in good yield with no formation of biaryl side product 15 (eq. 11). The chloro group of 1d remained intact during the cross coupling reaction, although palladium(0) is able to activate aryl carbon halogen bond through oxidative addition. In contrast, p bromobenzyl ester 1e selectively reacted with 14 at the aryl carbon bearing the bromo group, giving biaryl compound 15 in 87% yield. These observations indicate that the carbonate leaving group on benzylic carbon exhibits reactivity intermediate between that of chloro and bromo substituents on aryl carbon.
As with the benzylic substitution, use of tertiary alcohol solvent allows benzylic acetates to work as the electrophilic substrates for the Suzuki Miyaura reaction (eq. 12). 38 In the cross coupling of benzyl acetate 9b with 10a, DPEphos is preferable to DPPPent ligand. The DPEphos palladium catalyst transformed various benzylic acetates to the desired diarylmethanes in good yields. However, benzylic acetates are generally less reactive than the corresponding carbonates.
Diarylmethyl carbonates also reacted with arylboronic acids in the presence of a palladium catalyst, so producing triarylmethanes. 39 Although CyXantphos palladium complex is the most effective catalyst for the substitution of diarylmethyl esters with stabilized carbanions, 33 the catalyst failed to couple diphenylmethyl carbonate 7 with phenylboronic acid (10a). However, using DPPPent or DPPF in place of CyXantphos ligand led to successful formation of the cross coupling product 16 (eq. 13). The DPPPent palladium catalyst is useful for preparing a variety of triarylmethanes. Even sterically congested triarylmethanes can be obtained from the reaction, although the yields were low.
Rhodium Catalyzed Carbon Carbon Bond Formation between Alkenyl Acetates and Arylboronates
In 1977, Itoh reported the nickel catalyzed reaction of diketene with Grignard reagent 17 to form 3 substituted 3 butenoic acids 18 (eq. 14). 40 To our knowledge, this was the rst successful cross coupling reaction using alkenyl carboxylates as the electrophilic substrates. However, the diketene substrate is highly strained because of its four membered ring structure. Thirty years later, Shi 41 and Garg 42 reported that aryl and alkenyl pivalates couple with arylboronic acids under NiCl 2 (PCy 3 ) 2 catalysis. 43 Meanwhile, we independently were developing a rhodium catalyst system for the C C bond forming reaction between alkenyl acetates and organoboron compounds. Concurrently with us, Larhed 44 and Kwong 45 also reported the vinylation of arylboronic acids with vinyl acetate.
The vinylation of organometallic compounds through a cross coupling reaction is a fruitful method for the synthesis of terminal alkenes, for which vinyl chloride or bromide is commonly chosen as the electrophilic substrate. 2, 46 However, the vinyl halides have a boiling point below ambient tempera- ture, which is disadvantageous to their use in laboratory scale experiments. Vinyl tosylate is also known to couple with organomatals in the presence of a transition metal complex, though the tosylate electrophile is inferior to the halides in terms of availability. 47 To solve the above drawbacks, vinyl acetate has emerged as an ideal electrophilic substrate for the vinylation because it is easy to handle owing to its moderate boiling point. Furthermore, it is comparable in cost to vinyl chloride. It was within this context that we started to study the cross coupling reaction using carboxylate leaving group with a speci c focus on vinyl acetate. 48 A broad range of metal complexes were evaluated for their catalytic activity on the reaction of 4 tert butylphenylboronic acid (10b) with vinyl acetate (19) (Table 4 ). The desired reaction scarcely occurred in the presence of either palladium or nickel complexes, both of which are common catalysts for cross coupling reactions. A certain amount of p tert butylstyrene (20a) was obtained when [IrCl(cod)] 2 or [RhCl(cod)] 2 was used as the catalyst; however, the cross coupling was accompanied by the formation of tert butylbenzene. Undesired protodeboration was supressed by use of a rhodium catalyst bearing a bisphosphine ligand, DPPB. Furthermore, the addition of stoichiometric tert amyl alcohol led to a remarkably improvement in the yield of 20a to 75%.
The DPPB rhodium catalyst is applicable to the vinylation of various organoboron compounds, but most arylboronic acids 10 did not couple with vinyl acetate very well, as their protodeboration occurred. This undesired side reaction is avoidable by using ethylene glycol esters 10 as the nucleophilic substrates. A broad range of arylboronates are transformed into the corresponding substituted styrenes (Table 5) . Neither an electron donating nor electron withdrawing substituent on the aromatic ring of 10c f signi cantly obstructed the rhodium catalysis. The catalytic vinylation was compatible with alkoxycarbonyl and Boc protected amino groups. The ortho substituent of arylboronate 10h hardly hampers its rhodium catalyzed cross coupling. The DPPB rhodium catalyst can also promote the vinylation of heteroaryl and alkenyl boronates.
The Suzuki Miyaura reaction of some substituted vinyl acetates can be conducted in the presence of the DPPB rhodium catalyst. The catalyst allowed α phenylvinyl acetate (20a) to couple with arylboronic acid 10b, giving 1,1 diarylethene 21a in 61% yield (eq. 15). In contrast, the reaction of β phenylvinyl acetate resulted in only 16% yield of the desired 1,2 diarylethane. The rhodium catalyst allows β alkoxycarbonyl substituted substrate 22 to react with 10b (eq. 16). The cross coupling reaction proceeded with retention of the geometrical con guration of the alkenyl substrate 22, producing (E) cinnamate 23 with no formation of its Z isomer.
The mechanism of this rhodium catalyzed cross coupling reaction is thought to be similar to that of a typical Suzuki Miyaura reaction (Scheme 4(a) ). The DPPB ligated rhodium(I) species C reacts with an alkenyl acetate in preference to an organoboron. The oxidative addition of the alkenyl C O bond to the rhodium produces alkenylrhodium(III) D. Transmetalation of intermediate D with 10 or 10 and subsequent reductive elimination from E induce the formation of the desired cross coupling product and regenerate rhodium(I) C. Although the oxidative addition of alkenyl acetate to rhodium(I) has not been proved experimentally, some acetatovinylruthenium(II) complexes have been isolated from the reaction of 19 with ruthenium(0) by Komiya et al. 49 Alternatively, the formation of the vinylated product from the reaction of arylboronates 10 and 19 might conceivably occur through the lower pathway as shown in Scheme 4(b). The catalytic cycle starts with transmetalation between rhodium(I) C and an organoboron. The resulting Rh C bond of F adds to the C C double bond of the vinylic substrate to form the (β acetoxyalkyl)rhodium(I) G. β Acetoxy elimination from G leads to formation of the vinylated product as well as C. The transmetalation of C with 10 has been reported in mechanistic studies on the rhodium catalyzed 1,4 addition of organoborons to electron de cient alkenes. 50 However, a Z product would be obtained as the sole product from E alkenyl substrate if the cross coupling proceeded through the pathway shown in Scheme 4(b). Therefore, the stereochemistry of the reaction of 22 in eq. 16 in fact rules out the possibility that the rhodium catalyzed cross coupling proceeds through the latter mechanism.
As described above, [RhCl(cod)] 2 DPPB complex failed to promote the cross coupling reaction of β acetoxystyrene (24) with 10b in good yield (eq. 17). However, the desired reaction was found to proceed successfully under similar reaction conditions but in the absence of the bisphosphine ligand. This reaction gave substituted stilbene 25a in 70% yield, while 1,1 diarylethene 21a was concurrently obtained as side product in 30% yield. This observation suggests that [RhCl(cod)] 2 carries the potential for catalyzing substitution at the position adjacent to the carbon atom bearing the leaving group. This unusual substitution is called cine substitution. Actually, the reaction of α acetoxystyrene 20a proceeded through cine substitution in preference to cross coupling, i.e. ipso substitution, giving 1,2 diarylethene 25a and 1,1 diarylethane 21a in 51% and 17% yield, respectively (eq. 18). Hayashi has previously reported the rhodium catalyzed cine substitution of electron de cient alkenylsulfones with aryltitanium compounds. 51 It is noteworthy that elecron rich alkenes undergo cine substitution with organoborons in our study.
The effects of catalyst and reaction conditions on the cine/ ipso selectivity are summarized in Table 6 . The cine substitution product 25b was selectively formed in 26% yield when the reaction of 20a with 10a was conducted using [Rh(cod)Cl] 2 catalyst for 3 h, while DPPB rhodium catalyst promoted only ipso substitution to give 21b in 14% yield under otherwise identical conditions. Surprisingly, use of [RhCl(nbd)] 2 or [RhCl(ethylene) 2 ] 2 catalyst led to no formation of the cine substitution product. However, cine substitution selectively proceeded in the presence of the rhodium catalyst prepared by mixing [RhCl(ethylene) 2 ] 2 and 1,5 cyclooctadiene. These observations indicate that the diene ligand on rhodium is crucial for the cine substitution. In contrast to the diene ligand on rhodium, the anionic ligand or counter anion did not affect the regioselectivity. As a result of further optimization of reaction conditions, the yield of the cine substitution product was maximized by treating the reaction mixture with [Rh(OAc)-(cod)] 2 catalyst in the presence of stoichiometric diisopropylamine. The rhodium catalyst system allows a variety of arylboronic acids to react with alkenyl acetate 20a, selectively yielding the cine substitution product 25 (Table 7 , entries 1 7). The cine/ipso selectivity is scarcely affected by the electronic properties of a para or meta substituent on the aromatic ring of 10. Electron de cient arylboronic acid 10j causes the decomposition of 20a to acetophenone, but this side reaction is successfully suppressed by using ethylene glycol ester 10j in place of 10j. Arylboron compounds bearing a substituent at the ortho position are exclusively converted to the cine substitution products, because steric hindrance suppresses the unde- Table 6 . Effects of catalyst and additive on the cine substitution of 20a. sired ipso substitution. However, the regioselectivity was signi cantly perturbed by the more congested ortho disubstituted arylboronate 10m , which gave the ipso substitution product 21 preferentially. In contrast to arylboronic acids, the substituent on the α acetoxystyrenes 20 signi cantly affects the cine/ipso selectivity ( Table 7 , entries 8 12). The reaction of the electron de cient substrate 20b proceeded with a higher ratio of cine to ipso product than that of non substituted 20a, whilst the electron donating methoxy group of 20c caused an increase in the undesired ipso substitution. Furthermore, the ortho substituent of alkenyl acetate 20e is disadvantageous to the formation of 25.
Deuterium labeled alkenyl acetate 20a d 2 was subjected to rhodium catalyzed cine substitution with arylboronate 10j (eq. 19). The reaction afforded the cine substitution product 25c d 2 , incorporating with 43% and 80% deuterium label on the α and β carbons, respectively. One of the deuterium atoms at the β position of the starting material migrated to the position of the leaving group during the catalytic process. These results suggest that the 1 arylethenyl esters 20 undergo cine substitution through the following catalytic cycle (Scheme 5). The diene ligated acetatorhodium(I) H reacts with arylborons 10 or 10 to form arylrhodium(I) I. This transmetalation might be favored over the direct oxidative addition of 20 to H, because the coordination of the diene ligand to rhodium accelerates the formation of I. 52 The syn addition of I to alkenyl acetate 20 takes place forming (α acetoxyalkyl)rhodium J preferentially. The regiochemistry of the addition would be governed synergistically by the electronic properties of R 1 and the steric repulsion between R 1 and R 2 . Electron withdrawing R 1 is advantageous to the selective formation of J, because it enhances the electrophilicity of the β carbon of 20. β Hydride elimination from J and subsequent re insertion of the C C double bond into the Rh H of K in the reverse sense generates intermediate L, which leads to the formation of the cine substitution product 25 after β oxygen elimination. The undesired ipso substitution might proceed through intermediate M. Alternatively, the side product 21 might be formed through a typical cross coupling pathway as shown in Scheme 4(a). The electron density of the rhodium atom in H, however, may be insuf cient for the oxidative addition of the alkenyl C O bond, because alkene is a less electron donating ligand than phosphine. Furthermore, the use of 1,5 cyclooctadiene in place of DPPB may lead to acceleration of the transmetalation between acetatorhodium(I) H and an arylboron.
Conclusion
This account has described our recent studies on the cross coupling and related reactions using carboxylate and carbonate functionalities as the leaving group in an electrophilic substrate. The rst part deals with a series of catalytic reactions involving benzylic carbonates and acetates. In these catalytic processes, the benzylic C O bond is ef ciently cleaved by a palladium(0) complex bearing an appropriate chelating bisphosphine ligand. The resulting (π benzyl)palladium intermediate reacts with various nucleophiles, leading to catalytic formation of benzylic substitution products. Furthermore, the activation of benzylic C O bond through palladium catalysis is applicable to cross coupling with some organometallic compounds. The latter part of this account explains how vinyl acetate works as the coupling partner of organoborons in the presence of a bisphosphine chelated rhodium complex. Interestingly, a new carbon carbon bond is formed at the β position of the acetate leaving group in alkenyl ester 20 when a cod ligated rhodium complex is employed as the catalyst in the absence of the phosphine ligand.
Concurrently with our research, NiCl 2 (PCy 3 ) 2 and related nickel complexes have been proved effective for some cross coupling reactions of aryl and alkenyl carboxylates. These recent great successes make some acyloxy groups usable as the leaving groups of electrophilic substrates in catalytic cross coupling reactions. As it stands now, ef cient formation of the desired coupling product in over 90% yield is limited to a few substrate combinations. Further improvement of the catalyst in terms of turnover number and functional group compatibility will be required in order to make usage of carboxylate leaving group a useful methodology in organic synthesis. In the near future, carboxylate may be commonly used as the leaving group in place of tri ate or tosylate.
